As anyone who has taught polymer chemistry to undergraduate students might already appreciate, we are faced with inherent difficulties in clearly communicating the subject matter due its interdisciplinary character. This paper is thus aimed at proposing a new educational plan to teach this fundamental course in order to overcome some inherent obstacles. It is especially devoted to professors in charge of teaching a first course in polymer chemistry. We intend to emphasize polymerization by beginning with the simplest chemical pathway, namely the living anionic polymerization. In addition, some pedagogical difficulties are outlined all along this paper. This novel and distinct way to teach polymer chemistry makes the students with a background in organic chemistry more equipped to face difficulties arising from the introduction of new concepts.
Introduction
This article is based on a series of meetings among members of the Groupe Français d'Etudes et d'Applications des Polymères (GFP-Polymer French Association) [1] . By sharing our experience in teaching polymer chemistry, we came to the conclusion that the way this discipline is taught can be improved in order to make students more interested in polymer science. A first version of our reflexions was published in French [2] and presented at the 2010 IUPAC meeting [3] .
Due to very encouraging feedback we received after these publications, we decided to share our conclusions with the larger chemistry community. This article is thus intended to draw the major lines to another way of teaching polymer chemistry and highlighted some pedagogical difficulties encountered by students.
How to Introduce Macromolecular
Chemistry?
General Considerations
After a general overview on polymers, most of the textbooks dealing with macromolecular chemistry introduce polymerization by investigating first the step-growth chemistry. Radical and ionic polymerizations and finally olefin catalytic polymerization are subsequently examined. We argue that such a pedagogical education experiences some drawbacks from both industrial and educational perspectives, as illustrated below. Studying step-growth polymerization on a first course naturally stems from an extension of the well-known esterification reaction learned in introductory organic chemistry courses. However, applying this reaction to bifunctional monomers to build macromolecules is not straightforward. Concepts such as the progressive disappearance of initial monomers and the related concomitant extension of macromolecules end-capped with functional groups are not generally well understood by students. At any time, the system consists of a mixture of macromolecules with different chain lengths. Such phenomena are not encountered in reactions involving small molecules. Moreover, introducing non-stoichiometric conditions as well as adding monofunctional reactants to control the average molecular weight increases the difficulty to grasp concepts in polymerization. of radical polymerization is generally discussed. Understanding radical polymerization actually requires a fundamental knowledge of radicals and radical chemistry. Conceptually the very notion of a radical is not generally understood by students. For instance, the formation of the primary radical that initiates radical propagation from the decomposition of an initiator requests a fundamental understanding of the implicit kinetics. Things get more complicated when it is time to deal with the very short lifetimes of macroradicals. Difficulties still arise when copolymerization is taught, for which a composition assortment needs to be discussed.
An additional comment about traditional courses on polymer chemistry must be put forward. It concerns the use of polyethylene and polypropylene as classical examples of polymer syntheses, mainly due to their very simple structure. Unfortunately, the mechanism to get them involves olefin catalytic polymerization, which is definitely the most difficult polymerization reaction to teach. Exercises related to potential applications are not so obvious to find.
To face these aforementioned drawbacks, we thus propose an alternative way to improve student awareness regarding polymer synthesis. We argue that a course on macromolecular chemistry should begin with the anionic chain polymerization. The main reason to introduce this matter first is the fact that students who attend this course are conversant with organic chemistry, and undoubtedly with anionic reactions. Consequently, topics such as the introduction of chain generation or the determination of polymerization degree become easier to grasp and thus should be taught first.
Step-growth polymerization should be relocated at the end of the introductory course on polymer chemistry.
After the description of specific features of polymers, this article introduces the concept of chain polymerizetions by first reporting anionic polymerization, followed by the other chain polymerizations (cationic, radical, coordination polymerization). Finally, step-growth polymerization (polycondensation, polyaddition) is described. All along the text, we want to emphasize the difficulties that can arise when a new concept is introduced, and we will propose ways to solve them.
Finally, whatever the approach used to deal with different sections of macromolecular chemistry, it is important to relate lessons to the basic definitions, according to IUPAC [4] [5] [6] [7] .
Some Specific Features of Polymers.
Before specifically dealing with polymerization, some general questions are firstly suggested as part of the first course on polymer chemistry. They are aimed to highlight problems or incorrectness that are generally encountered.
What Is a Macromolecule?
Students usually confuse the terms polymer, macromolecule and polymer chain. Although often used interchangeably in everyday life, these fundamental differences need to be emphasized. Basically, a polymer is isolated as a mixture of macromolecules, the molecular weights of which are usually higher than 1000 g/mol. Macromolecules are constituted of repeat units, whose chemical structure is directly or closely linked to the monomers.
What Is Polymerization?
Polymerization consists in building macromolecules through the formation of successive new chemical bonds. Such a development involves a large number of elementary steps. Due to the inherent statistical character of this process, the same chain length for all the polymers is impossible to attain, resulting in a distribution of chain lengths and hence a distribution in molecular weights. For instance, a polystyrene sample, whose measured molecular weight is 10,000 g/mol, is composed of a huge number of macromolecules that all possess the same repeating chemical structure, but differentiate from each other by their chain lengths. The measured molecular weight undoubtedly corresponds to an average. The completion of n monomers does not thus lead to a single macromolecule but to a mixture of macromolecules. Accordingly, to verify that the notion of polymerization is properly grasped by the students, they must treat a textbook case: how many monodispersed macromolecules with a polymerization degree of 1000, can be obtained, starting with one mole of monomers.
What Are a Monomer Unit and a Degree of
Polymerization? According to IUPAC, the degree of polymerization corresponds to the number of monomer units that constitute the macromolecule. It is not always matched to the number n that is actually employed in the schematic representation of a macromolecule (Figure 1 ), since it depends on the chemical structure of the repeat unit. Care must thus be taken in order to clearly indicate that a repeat unit is not always the synonym of a monomer unit. For instance, a repeat unit is the monomer unit when considering polystyrene or polypropylene but this is not the case with polyethyleneterephtalate (PET) or polyamide 6,6 (PA-6,6), for which the repeat unit is issued from two monomer units. Further simple examples can be given to clarify this point. weight distribution since it is one of the major differences between polymers and low molecular weight molecules. To illustrate the actual molecular weight distribution in the range of relatively low molecular weights, it is suggested to display MALDI-TOF spectra, instead of SEC chromatograms, wherein each peak is attributed to a specific molecular weight (Figure 2) . The number average degree of polymerization n X is defined as the ratio of the number of monomer units to the number of macromolecules:
Number of monomer units Number of macromolecules
where N i is the number of chains with a degree of polymerization X i . This relation is of utmost importance in an elementary course. It has to be emphasized that the number of monomer units along the macromolecule, as well as the number of macromolecules, greatly depends on the reaction pathway. :
Such a notation helps to introduce the weight-average degree of polymerization X w by making a parallel with the weight fraction :
w n X X The ratio , formerly called polymolecularity index, is now referred by IUPAC as dispersity, and annotated as Đ ("D-stroke"). 
General Comment on the Different Averages
At this stage, it is useful to comment on the interest in both most used average definitions from a practical point of view. Details can easily be found in literature and lecture books However, chemistry focuses more on the number-average degree (a colligative property) while from rheological aspects, engineering is more concerned by the weight-average degree. Example from Painter and Coleman [8] very nice illustration to compare the effect of both averages. The authors considered an elephant of 1,000 kg with four birds each weighting 0.5 kg in its back. Students rapidly establish a difference in the consequences of both averages.
Two Main Chemistries
Prior to the in depth description of the different kinds of chain and step-growth polymerizations (polycondensation and polyaddition), should be introduced in order to highlight and comment the main differences that govern the building of macromolecular chains, according to the usual chemical schemes:
where L refers to low molecular weight olecules ap-
Chain Polymerization he Building of the
Th ain-growth polymerizatio at chemistry of macromolecules is ntre is formed on a monomer, it enabl m pearing in the case of polycondensation
The Active Center and t Macromolecular Chain
e general scheme of the ch n is depicted in Figure 3 . It is generally divided into several elementary steps. Each contribution needs to be analysed, and compared with the other ones in order to draw an overview of the involved chemistry. Whatever the elementary step, the role of the active centre is a key issue in better understanding polymerization and must be introduced at this stage.
It is worth recalling th directly linked to the formation, and reactivity, of these active centres. Concepts of active centres are intimately related to the organic chemistry models (mesomeric and inductive effects, cation transpositions, coupling or disproportionation of radicals, elimination…). It is thus essential to focus the lesson on this active centre and in particular on its lifetime, which originates from its reactivity: the formation of the polymer chain greatly depends on it. Any chain formation actually begins with the generation of an active centre on a molecule, which can be an ion or a radical, than the addition of the first monomer can take place; it is the so-called initiation step. The different steps intervening during polymerization are thus introduced.
As an active ce es  Conjugated dienes lead to various chain structures through either 1,2-or 1,4-addition. Different chemical structures are obtained (Figure 4 (a)) leading to shifts in the glass transition temperature and allowing a great variation in mechanical properties.
the reaction of this activated molecule with other monomers.
Anionic Polymerization

The Simplest Model
Our approach is based on the fact that teaching polymerization by familiarizing the students with the concept of anionic polymerization is more educational. After introducing the very notion of active centre, polymerization with strong electronegative groups can be taught. The polymerizations of styrene from s-BuLi and ethylene oxide (EO) from EtOK are in fact immediate illustrations of both the initiation reaction and the chain growth. Interestingly, they exhibit different active centres, carbanions or alkoxydes, but they are always located at the end of the growing chain. As the occurrence of two active centres cannot give rise to bimolecular termination and the propagation steps continues until all the monomers have reacted (in an ideal case), the building of macromolecular chains becomes straightforward to describe. The reactions stop after total use of the monomers, but it must be stressed that there are still active centers located at the end of the macromolecules which must be neutralized or which can be used for further reactions (chain end functionalization, block copolymers).
Since the students who attend this course possess basic knowledge in organic chemistry, a series of concepts of organic chemistry that help to better understand the anionic polymerization need to be reminded:  Reactivity of vinylic monomers to foster polymerization is highly related to the electronic density of the double bond. Any effects such as withdrawing mesomer or inductive effect on the double bond, and/or stabilization of the active centre, will decrease such reactivity.
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During the propagation step er-ion are imporopening polymerization of oxygenated het-
Kinetics
inetics laws, it becomes straightforward  s of acrylates and methacrylates (α,β-unsaturated esters), the anionic active centres may react in a Michael addition fashion at the beta carbon position (Figure 4(b) ).  Effects of the solvent and the count tant to consider: for instance, lithium alkoxides cannot be used to initiate EO polymerization. This feature is widely used to introduce hydroxyethyl groups in organic synthesis: potassium salts are therefore preferred to carry out EO polymerization (Figure  4(c) ).  The ring (a) OMe erocycles is governed by both the polarity of the carbon-oxygen bond and the strain of the ring: for instance ethylene oxide can be polymerized but not tetrahydrofuran (THF) (cationic conditions have to be fulfilled to polymerize THF). Differentiation in the pathway between anionic and cationic reactions must thus be outlined
Regarding the k to demonstrate that, in this case, the polymerization is of first order, considering the monomer concentration.
where
stands for the overall concentration of active species,
whatever the chain length. Provided that an instantaneous initiation occurs,
. Therefore, Equation (1) ca -lowing form (Equation (5)):
where the number of macromolecules is equal to the
ivial, our own experiences sh
Although it may seem tr owed that students have difficulties understanding the idea of
On the other hand, they often confuse r   mer, that is
The students are now familiar with the first concepts rstanding the bui ng of macromolecules.
The notion of distribution in molecular weights was alpolymerizaallowing unde ldi
Distribution in Molecular Weights
ready discussed. Its importance in the whole tion process involves recalling it. Providing an instantaneous initiation of all macromolecular chains, a narrow molecular weights distribution is expected (Poisson distribution) and can be demonstrated from kinetics. At this stage, students are familiar with the notion of binomial distribution (7) and it may be interesting to show how the assumptions made in the context of the anionic polymerization can go towards the Poisson distribution (8) [9] . On the other hand, the broadening of the molecular weight distribution (MWD) due to a non instantaneous initiation can also be specifically discussed in tutorials. 
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137 the concept of living polymerization is introduced depending on the level of the attendees. It may be useful to stress that a narrow MWD is not a condition to prove the living character of the polymerization process since, even if the instantaneous initiation does not take place, the active centres are not destroyed. In this context, synthesis of block copolymers can also be introduced by outlining the reactivity of the active centres. Some interesting examples can be drawn from industrial cases to illustrate the synthesis of block copolymers and the structure-property relationships:  thermoplastic elastomers based on polystyrene-b-polybutadiene copoly In the next section, replacing the anion by a cation as the active centre enables to grasp cationic d to introduce another reaction, namely the transfer reaction, which frequently occurs in that case.
Cationic Polymerization
Some vinylic monomers and heterocy erized with cationic initiators. M anionic polymerization ought to be highlighted. Vinylic polymers are thus of particular interest to deal with in the first instance.
Specific F
tion process. The usual more reactive character of t cationic species can lead to a deactivation of the growing species through transfer reactions. Nevertheless, the discussion on these cationic species makes straightforward the introduction of the three kinds of reactions: namely nucleophilic substitution reactions (leading to propagation or termination), elimination reactions (leading to termination or transfer), and cationic transposition reactions. Two specific reactions are then taught:  Initiation using Brönstedt acids can be easily captured by considering the addition reactions to the double bonds. The Markovnikov rule and the formation of the more substituted carbocation need to be reminded. The initiation step by Lewis acids and the contribution of a co-initiator can be more easily understood by referring to the Friedel-Crafts reaction.  Rearrangement of carbocations to yield more stable active species reveals that the repeat un mer chain can be quite different from that expected from the monomer structure ( Figure 5) . Finally, discussion on the influence of the counter-ion during the chain termination reveals the 
Effect of Temperature
An important factor that was not hitherto considered, and polymerization process, is sly gives rise to another active centre. Consequently, a transfer reaction is not a polymer chain termination reaction.
3.3.2.
which has great impact in the the temperature. More specifically, its influence on the course of a process when facing competitive reactions is considered at this point. The principal feature that gives rise to difficulties of understanding among the students concerns the effect of the activation energy. In particular it is important to indicate that the activation energy of the transfer reaction is usually higher than that of the propagation reaction. Accordingly the ratio between propagation and transfer constants tr tr p C k k  highly depends on the temperature. Moreover, discussion on the Arrhenius equation is useful: a d temperature goes with a decrease in the overall polymerization rate, but also (and that has great consequence from a practical point of view) to an increase in the average molecular weight.
Ca ecrease in tionic Ring Opening Polymerization
Apart from the fact that the reaction mechanism is of erization bon reactivity located in α of the oxonium ion. Students particular interest, cationic ring opening polym often gives rise to equilibrium between propagation and depropagation. Accordingly kinetics order of the reaction is not equal to 1. Besides THF, 1,3-dioxolane is another interesting example that can be used to discuss the carCopyright © 2012 SciRes. OJPChem
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are also invited to discuss the reactivity of both carbon located in α of the oxonium ion.
Concepts Learned
At this stage, anionic and cationic polymerizations have been discussed. The students, now familiar with the ionic , possess sufficient knowledge olymerization, the radinotion in pol mistry to conceptualize since it consists in a radical is not always w lar termination reactio to point ou egree of Polymerization After dealing with the chemical schemes, the current of radica easy to deal tart again wi is concepts of polymerization to better comprehend radical polymerization and the differences induced by using radicals as the active centre.
Radical Polymerization
The Radical Polymerization: A Complex
System Aside from the catalytic olefin p cal polymerization is probably the most difficult ymer che a significant set of competitive steps that ultimately leads to the polymer. These elementary steps are so important that they dictate the final chemical structure and the chain length. Starting from the very simple instantaneous anionic scheme should clarify initiation reaction and propagation steps to the students.
Before beginning to explain the radical polymerisation, polymerization, it may be useful to recall what a radical is: conceptually the very notion of ell understood by students, so that counting electrons and protons around a carbon or an oxygen atom in a chemical structure is not lost time.
More complex systems to grasp have to be introduced, namely non instantaneous initiation reactions, followed by propagation steps and bimolecu ns. These later reactions currently occur since two radicals can react with each other (unlike ionic species). The very short lifetime of the macroradicals is probably the most important point that differentiates the radical polymerization from the ionic systems. As a consequence, the number of macromolecules at any time is quite different from the number of initiator molecules introduced in the reactor so that Equation (6) does hold no longer. In addition, some transfer reactions can occur, which complex more or less the overall reaction scheme.
It is important to clearly explain the basic steps and draw the kinetic equations relating thereto, as well as the quasi steady state hypothesis. It may be worthy t that the initiation reaction does not correspond to the decomposition of the initiator, but to the reaction of a primary radical coming from the initiator system with a first monomer.
A Too Restrictive Current Approach for the
Average D approach consists in developing the kinetics protocol l polymerization. Equations are made with since they are considered as first order (quasi stationary state hypothesis); consumption of the initiator is neglected. The next step is to define the kinetics of the chain formation resulting in variations of the chain length and the kinetic chain length λ defined as the number of reacting monomer molecules per active centre. Because of the very short lifetime of the growing chain, it is important to highlight the fact that the kinetics chain length refers to an instantaneous process, and thus cannot be used to determine the actual number-average degree of polymerization at the end of the polymerization. This actual degree of polymerization is in fact the conesquence of all these "instantaneous" processes occurring during the polymerization event. Although very useful in practice, it is rarely discussed and calculated.
Another educational approach to tackle the thorny problem of number instantaneous and average degrees of polymerization in radical polymerization is to s th Equation (5), where the number of macromolecules depends closely to the initiation and the termination steps. This calculation of the number of macromolecules is then an opportunity to challenge the students about the building of the macromolecules according to a radical process.
It deserves also to note that Equation (5) is true, regardless of the reaction time and enables to get the actual number average degree of polymerization. This relation also true in the case of a very short reaction time dt, equal to the lifetime of the macroradicals, resulting in n X tending to the kinetic chain length  . Consequently,  can also be seen as the limit of n X when t  dt at any time.
hrough tutorials, it is therefore peda ogically very useful to compare and discuss the evolut n of T g io n X and  with time or conversion. Another point to consider is th kin de and Controlled Radical Polymerization Reaction owing chain tive centre which another chain or take e rate of consumption of the initiator (do we have to take into account its actual consumption?) and the etic pendence on it
Extensions towards Macromolecular Engineering
Unlike termination, a transfer reaction stops the gr and simultaneously generates another ac can be used to reinitiate place in a termination process. The two reactions must thus be clearly distinguished. Examples are numerous to highlight their differences, such as the unwilling transfer to monomer or solvent, or the control of the molecular weight or telomerization using pertinent transfer agents. Another example of utmost importance in the field of macromolecular engineering can also be mentioned: the development of controlled radical polymerization using RAFT or ATRP. Despite the fact that controlled radical polymerization (CRP) is more difficult to comprehend in this introductory text on polymerization, it is worth introducing it by revealing analogies and differences between anionic and radical polymerization.
Chain Copolymerization
Copolymers and Mixtures of Homopolymers
discussed. Firstly, it at copolymers are not ue to its industrial importance. It is worth mentionin polymerization is the more or less important reactivity of the comonoical reactivity
Chain copolymerization can now be must be stressed to the students th mixtures of homopolymers. Properties of copolymers depend on both their chemical composition, and their microstructure. It becomes useful to illustrate those differences. For instance, copolymers based on butadiene and styrene are compared to mixtures of polybutadiene and polystyrene and glass transition temperatures can be discussed. It is also helpful for the students to write some sequences (for instance a tetrad or a pentad) from various comonomers. The purpose of such an exercise is for students to get acquainted with the linking of monomer units On the other hand, chain copolymerization is usually described only within the frame of radical copolymerization d g that copolymerization processes can also occur in ionic systems as well, provided that active centres are able to react with each of the monomers.
Radical Chain Copolymerization
The actual central issue in dealing with co mers which can be evaluated by the rad ratios r A and r B, (
k AB being the rate constant of the macroradical A * with the monomer B).
This results in a compositional heterogeneity due to composition drift between macrom orates the basic equations of radical polymeri the very short lifetime of the radicals, that causes a more or less pronounced olecules Establish the well known copolymerization equation (Equation (9), 9') can of course be an interesting exercise which incorp zation, but it deserves to explain more in depth the consequences of the compositional drift on the materials properties (glass transition properties for instance).
Explaining the relationship between the composition and the kinetics curves flawlessly exemplify th significant point (Figure 6 ). These features can easily simulated in a computer, highlighting the crucial im ions; it is thus worth recalling their definitions:a statistical copolymer consists l distribution of ccur in ionic systems as well, provided that active centres are able to react with each of the monomers (for de or styrene-buxemplify these notions.
ncl t notion nd for students. olymerization inneeded to understand this chemical process ar
is very then be portance of the reactivity ratios.
Comments on Copolymerization
Some confusion amongst students can also arise between statistical and random copolymerizat of macromolecules in which the sequentia the monomer units obeys known statistical laws: they possess different reactivities, while, in a random copolymer, the probability of finding a specific monomer unit at any given site in the chain is independent of the nature of the adjacent units: they exhibit comparable reactivities.
Ionic Chain Copolymerization
As previously stressed, copolymerization processes can also o instance ethylene oxide-propylene oxi tadiene in the anionic case). In that case, provided there is no termination, the composition drift will occur all along the same macromolecular chain and not between the various macromolecules. It may be useful to recall the differences between statistical and block copolymers. For instance, thermoplastic elastomers or polymer surfactants are quite interesting polymer materials in order to e To conclude this part, depending on the level of the class, a general overview of the various strategies to get copolymers with controlled architectures, going from block and graft copolymers to statistical structures, i uding gradient copolymers, can be discussed.
Coordination Polymerization
From a chemical point of view, olefin coordination polymerization is probably one of the most difficul to teach, and consequently to understa For instance, teaching olefin catalysis p volving the Ziegler-Natta catalysis starts with the CosseeArlman model, where the difficult notion of both the coordination mechanism and a heterogeneous process are introduced. Notions stemming from the study of such a reaction help to explain the chemical process and its regiospecificity. More specifically, if we consider that the two elemental steps e the monomer coordination on a metal lacuna followed by its insertion into the metal-carbon bond, it becomes clear that any other homogeneous reaction can be used to exemplify this coordination-insertion mechanism (R an example of such reaction, even if not catalysed. These concepts can then be extended to olefin catalytic polymerization with Ziegler-Natta catalysis. The Cossee-Arlman model can be explained and its drawbacks discussed, to go to other reaction schemes models. At this stage, our experiences showed that students have always some difficulties understan catalysis. Comparing radical and coordination polymerisation processes of ethylene can be a versatile way to understand the interest of such catalysis.
The multi site mono-and bimetallic models can then be addressed in order to enlighten the chemic regiospecificity. The metallocene catalysis will thus appear as a logical consequence and will be quite an interesting example to highlight the relationships between the catalyst structure and the polymer properties. Finally, metathesis polymerization of cyclopentene or norbornene can be presented.
Step Growth
To introduce the step-growth polymeriz gested that emphasis must be put on the with the chain polymerization, namely the fact that no active centers are needed, only reactive groups are required: the role of a possible catalyst has to be distinguished from the initiator.
Any functional group can enter into reaction, regardless of the fact if it belong igomer or a polymer. The average chain length indiol and diacid deserves to be used as the working example. It actually characterizes the step-growth polymerizetion by revealing that it is based on the reaction of bifunctional molecules. Moreover, polymer industries provide a huge number of interesting examples. Depending on the level of the lecture, the relationships between molecular structures and physical properties can be investigated more in depth. In addition, when dealing with equilibrated reactions such as esterification or amidification, it deserves to recall that due to the reverse hydrolysis reaction polymer chains can be cleave nnot thus be obtained unless the equilibrium is shifted and water is removed.
Care must be taken that the conversion is defined with reference to reactive functions and not to monomers. The experience showed that students confuse both monomers and functions conversi hile there are still reactive functions remaining in the reaction medium.
Chemical Structures and Number Average Degree of Polymerization
Care must be taken in repeat units (RU); some of them are not obviou of great importance to specify the chain ends, relationship between the average numbe units and the number average degree of polymerization. Our suggestion is to introduce the molar mass of the Monofunctional agents must be counte mer nit since moieties issued from that blocking agent will e d as a mono u b located at a chain end.
Depending on the level of the lecture, the molar and mass fractions (Equations (15) and (16)) can be introduced. Here, it is worthy of highlighting that p represents the probability that a function has reacted, i.e. the conversion, and not the probability of involvement of this function in the reaction. This latter point is highly misleading. Note that Equation (15) can also be used to get access to the amount of residual monomer when i = 1. 
